The charge-state-resolved ion energy distributions (IEDs) in filtered aluminum vacuum arc plasmas were measured and analyzed at different oxygen and argon pressures in the range 0.5 -8.0 mTorr. A significant reduction of the ion energy was detected as the pressure was increased, most pronounced in an argon environment and for the higher charge states. The corresponding average charge state decreased from 1.87 to 1.0 with increasing pressure. The IEDs of all metal ions in oxygen were fitted with shifted Maxwellian distributions. The results show that it is possible to obtain a plasma composition with a narrow chargestate distribution as well as a narrow IED. These data may enable tailoring thin-1 film properties through selecting growth conditions that are characterized by predefined charge state and energy distributions.
I. INTRODUCTION
Vacuum arc plasma is well known to be highly ionized with comparatively high directed ion energies. The average ion energy is material dependent and ranges from 20 to 150 eV, 1 though the ion energy distributions (IEDs) extend up to several hundreds of eV. 2 The ion charge states (Q i ) are important for plasma processing applications that utilize substrate bias, since the kinetic energy gain (∆E i ) across the potential difference between the plasma and the substrate (∆U)
is given by ∆E i =Q i ·e·∆U. It is well known that the kinetic ion energy, and therefore also the charge states, affect the microstructure evolution, and hence the film properties. [3] [4] [5] Precise control of the kinetic ion energy during film growth requires narrow charge state distributions (CSDs) as well as narrow IEDs. These requirements are in contrast to what is generally measured for vacuum arc plasmas. Aluminum plasma, for example, contains ions with charge states of up to three, and the IEDs extend up to 250 eV. 6 It is known that through the introduction of background gas, these plasma properties can be influenced.
Reduced ion charge states [7] [8] [9] [10] and ion energies 7, [11] [12] have been reported when the pressure was increased. However, most studies deal with average charge states, 7, 10 average energies, 7, 12 or IEDs averaged over all ion species present.
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Detailed information about the effect of gas on individual charge states including their IEDs is limited: Chhowalla analyzed charge-state-resolved IEDs for zirconium arc plasma before and after introduction of nitrogen, 13 and Bilek et al.
reported on the influence of the nitrogen partial pressure on IEDs of Ti + .
14 Furthermore, Strauss et al. investigated the effect of nitrogen pressure on the energy range of the principal ions in TiN deposition. 15 A study including the effects of pressure on the charge state resolved IEDs of the full metal plasma composition has previously not been reported. However, it is straight forward to understand that knowing the "complete" plasma composition and all IEDs are prerequisites for being able to understand microstructure evolution.
In this article, the plasma chemistry and energetics of an aluminum arc operating at vacuum base pressure as well as in oxygen and argon atmospheres are presented and discussed. 
II. EXPERIMENTAL DETAILS
Vacuum arc plasma was generated from a conical aluminum cathode with base and top diameters of 51 and 12 mm, respectively, and a height of 38 mm. The arc was initiated by a switched self trigger, 16 and powered by a direct current (dc) arc supply, with resulting arc current of 35 A. The cathode spots were confined to the cathode surface by a permanent ring magnet located behind the cathode. All measurements were performed after plasma filtering in a curved duct, see schematic of the experimental setup in Fig. 1 . The distance from the cathode to the analyzer was 44 cm. The magnetic field in the filter was generated by a coil 
III. RESULTS AND DISCUSSION
In a previous study, the effects of different geometric and magnetic field configurations on the charge-state-resolved IEDs were analyzed. 6 It was found that the presence of a magnetic field drastically increased the ion energies. Here, the average ion energies at base pressure for Al 1+ , Al 2+ , and Al 3+ were found to be approximately 90, 180, and 260 eV, respectively. This is consistent with previously reported measurements. 6 The introduction of an oxygen partial Introduction of argon to a pressure of up to 8 mTorr led to a stronger reduction of the ion energies as compared to the previously discussed interaction with oxygen, see Fig. 4 . Furthermore, the intensity of the measured ion signals drastically reduced as the pressure was increased.
Although not shown in a figure, it should be mentioned that at an oxygen pressure of 1.0·10 -3 Torr, the peak intensity of the IEDs was comparable to the vacuum case. In contrast, when argon was used at the same pressure, the peak intensity was reduced to less than one tenth of the vacuum value. The decrease in intensity is evident in Fig. 4 , where the increasing pressure resulted in a decrease of the IED intensity to insignificant levels, less than 1/1000 of the vacuum intensity (and hence there are no data in the graph). This was first and foremost observed for Al 3+ , and at higher pressure also for Al 2+ . From these results one can conclude that, as expected, the pressure and the kind of gas affect on the average metal ion charge state, as shown in Fig. 5 . For the same 7 pressure, a difference in average charge state of up to 0.7 can be observed when comparing argon and oxygen
Within the hard sphere model, a slightly higher probability for collision in an argon environment, as compared to oxygen, is indicated under otherwise identical conditions. 17 The energy transfer 18 and the scattering angle 19 in a collision depends on the mass of the constituents, and therefore argon (atomic weight 40 u) will have a somewhat larger impact upon a colliding metal ion than oxygen (molecular weight 32 u). However, the distinct differences observed between the results of the two gases indicate that a more detailed analysis is required, including differential cross sections for different elastic/inelastic collisions as well as their dependence on atomic/molecular species.
The interaction between plasma and gas may result in elastic and inelastic scattering. The latter includes impact excitation, ionization and charge transfer, possibly accompanied by molecule dissociation in an oxygen environment. The cross section for different charge transfer reactions strongly depends on the internal energy defect ∆E, which is the difference in potential energies between pre-collision and after-collision particles. If ∆E is negative, the cross section is negligibly small. 20 That is the case for Al 1+ -Ar/O 2 collisions, and Al 2+ -O 2 collisions including molecule dissociation. 17, 21 It is therefore reasonable to assume that the decrease of the average charge state with increasing pressure, as shown in Fig. 5 , is primarily due to charge exchange collisions between higher 8 charged ions and the gas atom and molecules. Impact ionization collisions would increase the average charge state, and are therefore not discussed here.
The collision probability increases with pressure. 22 Additionally, the cross section for most reactions show an energy dependence, as shown in the following examples: The cross section for resonant charge transfer for Al and Ar decreases by 30 % as the energy increases from 0.1 to 10 eV, 23 and by 50% as the energy increases from 0.1 to 400 eV. 18 Other data for Ar show a corresponding decrease of ~ 45 % as the energy increases from 7 to 178 eV 24 and furthermore, the cross section for elastic scattering of Ar in its parent gas decrease by more than 50 % as the energy increase from 5 to 400 eV. 22 Under the assumption that the same trend is valid for all species in the present investigation, a decrease in energy will increase the charge transfer crosssection and hence increase the probability for charge transfer. The more pronounced decrease in intensity of ion signals and ion charge states in argon as compared to oxygen may be due to energy-dependent scattering cross sections and can not be understood based on the hard sphere model only. The oxygen case will be further discussed below.
Due to the drastic reduction in intensity for the argon case (and hence a much lower signal-to-noise ratio), further analysis was carried out for the oxygen experiment only. To gain additional information on the plasma parameters and their change with pressure, the smoothened IEDs of the metal ions were fitted by shifted Maxwellian distributions (SMD), as suggested by Kutzner et al. 25 The approach was also adopted by Bilek et 
where C s is a scaling constant, V p is the plasma potential with respect to the reference voltage of the analyzer (ground, here 0 V by convention), E dir is the directed energy (center-of-mass energy) of the ions, Q the ion charge state, and
T is the ion temperature (or random energy). In a previous study, the broadening of averaged distributions due to the fluctuating character of momentary distributions was presented. 26 It should therefore be stressed that the ion temperature is a formal assignment of a parameter to the time-averaged IED, and that the temperature (or width) of a momentary distribution is much smaller.
Hence, T will hereafter be referred to as simply the width of the distribution. The terms containing Q are introduced to correct for the increase in ion energy due to the acceleration in the sheath at the analyzer entrance. In the curve fitting procedure, C s , E dir , and T were varied as to obtain the best agreement (corresponding to a minimized error function) with the measured and subsequently smoothened IEDs.
Smoothened IEDs with fitted SMDs are exemplified in Fig. 6 . As can be seen, with increasing pressure, the distributions are shifted towards lower energies, and the concentration of lower charge states increases at the expense of higher ones. Fig. 6 also shows that the IEDs can be fitted well by SMDs. The fitting parameters for five different pressures are summarized in Fig. 7 , together with the measured average energies of the metal ions (from Fig. 3 ) for comparison. The lines are drawn to guide the eye. Since only the forward flux of the ions is measured, the fitting parameters indicate the contribution of directed energy (E dir ) which is equivalent to the center of mass energy, and width of the distribution (T) to the average energy, (E average ). For approximately the same width of the distribution, a higher directed energy corresponds to a higher average energy. Correspondingly, a broadening of a distribution at an unchanged directed energy would result in an increased average energy, since ions of high energy have a stronger weight in the average energy integral calculus than ions of low energy. Hence, the broad distributions (Fig. 7c) are the explanation for the observed difference between the average energy and the directed energy in Fig.   7a and 7b. Comparing the parameters of the different Al ions, one can see that the higher average energy of the higher charged ions is due to both a higher directed energy and a broader distribution. It has previously been suggested that the higher directed energy of the higher charged ions is primarily due to chargestate-dependent ion acceleration due to electric fields in the magnetized plasma. 6 The difference in distribution widths may be explained by charge transfer, even at base pressure: Recent findings indicate that neutrals are present in cathodic arc plasmas, the main source being limited sticking and self-sputtering that occurs when energetic ions condense on substrates and chamber walls, especially at oblique incident angles. 27 Collisions of ions with these metal neutrals will, in addition to a possible reduction in energy from elastic impacts, cause some of the higher charged ions to cascade down to lower charge states, most observable from a change in IED for Al 3+ . From an energy-dependent cross section for charge transfer 23 one would expect an IED with a high energy tail, and a decreased maximum intensity of the distribution. Hence, the distribution will appear broader. Introduction of gas has the same effect on the IEDs, though more pronounced. As can be seen in Fig. 7c , the width of the distributions increase up to 1·10 -3 Torr. As previously discussed, an energy-dependent cross section for both elastic collisions 22 and charge transfer reactions 18, 23 result in the high energy tail of the distributions being unchanged at moderate pressures.
Hence, collisions (including charge transfer) mainly result in decreased maximum intensities (amplitudes) of the distributions, and increased populations of ions in the lower energy range, corresponding to distribution broadening. As the pressure is increased further, the mean free path decreases, 22 resulting in frequent collisions of also the high energy ions, and hence a decrease in the distribution width (which is indeed observed in the graph at pressures above 1·10 -3 Torr). In Fig. 7d , the plasma potential times charge state is given. It can be seen that the plasma potential is independent of the gas pressure.
From the results presented above, one may expect narrower IED's, lower ion energies, and decreased ion signal intensities (most pronounced for higher charged ions) with further increased oxygen pressure. The latter is confirmed in Fig. 5 , at the highest pressure presented here. Hence, it is possible to reduce the charge state distribution to include only singly charged ions, in argon as well as in oxygen, though at expense of ion signal intensity. This is of importance for the thin film growth process, enabling growth of alumina at well defined ion energies, which in turn may lead to better control of structure and composition of the resulting film.
IV. CONCLUSIONS
Charge-state-resolved ion energy distributions (IEDs) were measured for aluminum cathodic arc plasmas operated in argon and oxygen atmospheres. 
